Apoptosis is essential for retinal development but it is also a major mode of cell loss in many human retinal dystrophies.
Introduction
Apoptosis is an essential process during development and differentiation. It serves a variety of specialized functions in tissue homeostasis or remodeling. Apoptosis removes unwanted cells which may be injured, misplaced or surplus in development and in mature tissues. This naturally occurring cell death is prominent in neurons of the retina. 1 If untimely activated or suppressed, apoptosis can cause severe diseases such as neurodegenerations, diseases of the bone marrow, cancer, virus infections or autoimmune diseases. 2, 3 In inherited retinal degeneration in humans, apoptosis is considered the final common pathway of cell death leading to retinal degeneration and loss of vision. 4 The degenerative process is accelerated by light in many animal models representing the respective human condition 5, 6 and light has been proposed to enhance progression and severity of major human retinal diseases such as agerelated macular degeneration (AMD) and possibly some forms of retinitis pigmentosa (RP). 7 ± 10 In these diseases retinal cells die by apoptosis. 11, 12 Light not only enhances disease progression in inheriditary retinal degeneration but at overdose also induces apoptotic cell death in photoreceptors of vertebrates like mice and rats. 4,13 ± 16 The light stimulus is absorbed by the visual pigment rhodopsin and converted into an intracellular death signal. 17 In mice, this process depends on the activation of the transcription factor AP-1 18, 19 (and Wenzel et al, 56 ). AP-1 is a dimeric complex consisting either of heterodimers of the Fos (c-Fos, FosB, Fra-1, Fra-2) and Jun (c-Jun, JunD, JunB) family of proteins or of homodimers of the Jun family of proteins. 20 The complex composition determines the biological function of AP-1 and different complexes may modulate expression of specific sets of target genes. AP-1 complexes containing cFos, for example, exhibit the strongest transactivation activity. 20 Activation of AP-1 has been implicated in apoptotic cell death in several systems with special emphasis on c-Jun. 21, 22 In light-induced apoptosis of photoreceptors, induced AP-1 complexes mainly consist of c-Fos, JunD and c-Jun proteins. 18, 19 Whereas JunD is dispensable, 23 c-Fos is essential for induction and/or execution of light-induced photoreceptor apoptosis. 23, 24 Here, we focus on the analysis of c-Jun, the third member of induced AP-1 complexes. AP-1 mediated control and transactivation of target genes are at least partially regulated through N-terminal phosphorylation of c-Jun at serines 63 and 73 through Jun N-terminal kinases (JNKs). 25, 26 Although mice lacking c-Jun are not viable and die at midgestation, 27, 28 transgenic mice expressing only a mutant form of c-Jun that can not be phosphorylated at its Nterminus (JunAA) are viable and fertile. 29 In JunAA, the phosphorylation sites required for transactivation (serines 63 and 73) have been replaced by non-phosphorylatable alanines. JunAA mice are resistant to kainate induced neuronal apoptosis and to epileptic seizures. 29 We used these transgenic animals to test whether c-Jun activation by N-terminal protein kinases would be involved in light-induced degeneration of retinal neuronal cells like photoreceptors. Mutant and wild-type mice were exposed to high intensities of white light and retinal morphology was analyzed at different timepoints after the end of illumination. Levels of activated JNK were determined, Jun kinase activity was tested and complex composition of induced AP-1 was analyzed. c-Jun N-terminal phosphorylation (JNP) plays at best a minor, non-essential role in light-induced photoreceptor apoptosis since retinal degeneration in transgenic JunAA mice was induced and proceeded similar as in wildtype mice. Furthermore, Jun kinase activity did not, or only marginally, increase after light exposure, and levels of phosphorylated (activated) JNK/SAPK did not increase after the application of the pro-apoptotic stimulus. JunAA mice were also sensitive to a chemical pro-apoptotic stimulus (Nmethyl-N-nitrosourea, MNU) which also did not induce JNK over basal levels. In addition, DNA binding of AP-1 complexes was induced after light exposure to similar degrees in JunAA and wild-type mice and composition of induced complexes was identical in mice of both genotypes. This suggests that induction of AP-1 during light-induced photoreceptor apoptosis is not regulated through JNKmediated N-terminal phosphorylation of c-Jun protein.
Results
Light-triggered photoreceptor apoptosis in the absence of c-Jun N-terminal phosphorylation c-Jun N-terminal phosphorylation (JNP) is not essential during mouse development. Transgenic mice expressing a mutant cJun protein that cannot be phosphorylated at its N-terminus by JNK/SAPK are phenotypically normal and show no obvious histological abnormalities. 29 Similarly, retinas of 4 ± 6-weekold JunAA mice were indistinguishable from control wild-type mice in their morphological appearance ( Figure 1A,D) . Sequence analysis of PCR products amplified from retinal cDNA with c-jun specific primers showed that the mice exclusively expressed a mutant c-Jun protein containing base pair triplets encoding the amino acid alanine instead of serine at positions 63 and 73 of the protein (data not shown). Twentyfour hours after a 2 h exposure to 15 000 lux of white light, retinas of both wild-type ( Figure 1E ) and JunAA ( Figure 1B ) mice showed characteristic signs of retinal degeneration. The retinal pigment epithelium (PE) was swollen, rod outer segments (ROS) and rod inner segments (RIS) were disorganized and many photoreceptor nuclei in the outer nuclear layer (ONL) had condensed chromatin. In addition, the photoreceptor layer had thinned and some photoreceptor cells had already been eliminated. Ten days after light exposure, the ONL of both wild-type ( Figure 1F ) and JunAA Figure 1C ) mice was reduced to approximately four rows of nuclei. Most of the remaining nuclei were pycnotic as evidenced by the condensed chromatin. ROS and RIS were not distinguishable any more and were drastically reduced in size.
Two classical markers of apoptotic cell death are positive TUNEL staining of cell nuclei and internucleosomal fragmentation of genomic DNA leading to the characteristic DNA ladder formation after gel electrophoresis. Photoreceptor nuclei of both transgenic JunAA and wild-type mice stained positive by the TUNEL method (Figure 2A, B) , whereas a control retina of unexposed wildtype mice did not show staining ( Figure 2C ). Furthermore, genomic DNA of both types of light exposed mice was cleaved internucleosomally as demonstrated by the DNA laddering shown in Figure 2D . Thus, although the presence of c-Fos 24 and the induction of AP-1 (Wenzel et al, 56 ) is essential for light-induced photoreceptor apoptosis, Nterminal phosphorylation of c-Jun, a member of the lightinduced AP-1 complexes 18 ( Figure 5 ) is not required to start or execute this process.
Jun kinase activity and AP-1 complex composition after light exposure
Phosphorylation of Ser63 and Ser73 in wild-type c-Jun protein increases the transactivation ability of AP-1 and is mediated by Jun kinases (JNK/SAPK), members of the family of mitogen-activated protein kinases (MAPKs). 30 We tested JNK/SAPK activity in retinal extracts of wild-type mice before, and at 2 h after exposure to 120 min of 15 000 lux of white light, a timepoint when AP-1 DNA binding activity was already strongly induced but did not yet reach maximum levels 19 (see also Figure 4 ). JNK activity was judged by the ability of retinal extracts to phosphorylate a c-Jun-GST fusion peptide containing amino acids 1 ± 79 of c-Jun protein. As shown in Figure 3A , light exposure did not significantly activate JNK/SAPK activity. In control experiments, we showed that our experimental conditions were not saturating: Increasing amounts of retinal extracts were incubated with the c-Jun-GST substrate peptide and the resulting signal intensities correlated well with the amount of extracts used ( Figure 3B ). As for wild-type mice, light did not induce JNK activity in JunAA mice ( Figure 3C ). Furthermore, light did not superinduce phosphorylation of JNK/SAPK over basal activity: levels of phospho ± JNK/SAPK after light exposure remained similar to the levels before lights on (controls) in both wild-type and JunAA mice ( Figure 3D ). JunAA mice also did not down-or upregulate the levels of total JNK/SAPK protein, as shown by the immunodetection with an antibody recognizing both the phosphorylated and non-phosphorylated forms of JNK/SAPK ( Figure 3D , lower panel). In contrast, treatment with UV light did induce phosphorylation in control 293 cells. Although the basal levels of phospho ± JNK/SAPK were already quite high in the retina, a superinduction might still have been possible, especially of the p54 form (compare ratios of the p54 and p46 forms in lanes 1 ± 4 with the ratio of the two forms in lane 6; Figure 3D , upper panel).
In Composition of induced complexes at 6 h after illumination was tested in supershift experiments using antibodies against c-Fos, JunD, c-Jun and JunB and an unrelated antibody as control. Ap-1 composition was identical in wildtype and JunAA mice. Induced complexes were mainly composed of c-Fos, JunD and c-Jun as evidenced by the formation of supershifts (* and ** in Figure 4 ) and/or the competition for the formation of AP-1/DNA complexes (in the case of a-JunD antibodies).
JNP after MNU treatment
MNU is a chemical agent that rapidly induces apoptotic cell death via methylation of genomic DNA 31, 32 in a dose dependent way. 19, 33, 34 We used MNU to analyze the role of JNP during photoreceptor apoptosis induced by a light independent stimulus. A single intraperitoneal injection of MNU (50 mg/kg bodyweight) induced photoreceptor cell death in both wild-type and JunAA mice ( Figure 5A ± D) . Twenty-four hours after injection, ROS and RIS were disorganized and the ONL contained many photoreceptor nuclei with condensed chromatin indicating ongoing apoptosis. However, MNU did not superinduce phosphorylation of JNK/SAPK over basal levels as judged by the amounts of phospho ± JNK/SAPK in the retinas of salt or MNU injected wild-type ( Figure 6A , lanes 1 ± 6) and JunAA mice ( Figure 6A , lanes 9 and 10). Extracts of untreated or UV treated 293 cells 2) and JunAA (lanes 3 and 4) mice were kept in darkness (lanes 1 and 3;`ctrl') or were exposed to 15 000 lux of white light for 2 h and sacrificed after a recovery period of 2 h in darkness (lanes 2 and 4;`light'). 0.5 retina equivalents were incubated with c-Jun-GST as substrate for JNK as above. As control for quality and quantity of extracts used for the kinase assay, supernatants after the JNK assay were run on a 10% denaturing polyacrylamide gel and proteins stained with Coomassie blue (bottom panel). Figure 6A , B, lanes 7 and 8). MNU treatment did not alter levels of total JNK/SAPK in wild-type or JunAA mice ( Figure 6B ). This strongly suggests that JNP ± as for light induced cell death ± is not important for apoptosis induction by MNU.
Discussion
Exposure to excessive levels of visible light induces DNA binding activity of AP-1 in the retina. 18, 19 Induced complexes contain mainly c-Fos, JunD and c-Jun. 18 AP-1 induction and complex composition are not dependent on JNP as assayed in transgenic mice expressing a mutant, non phosphorylatable c-Jun protein (JunAA) instead of the wild-type protein. In fact, the applied apoptotic stimulus did not induce JNK/SAPK, the kinases responsible for JNP. Furthermore, JunAA mice show normal sensitivity for light damage, suggesting that JNP is not required for execution of photoreceptor apoptosis induced by light. Similarly, JNP is also not important for apoptosis induction by the DNA methylating agens MNU.
xThe activities of newly formed or pre-existing AP-1 components are modulated mainly through phosphorylation reactions at several sites in the protein. Phosphorylation of a cluster of amino acids located close to the basic region in c-Jun for example influences DNA binding. 35, 36 Phosphorylation at N-terminal serines at positions 63 and 73, which are located within the transactivation domain increases the ability of c-Jun/AP-1 homodimers or heterodimers (with c-Fos) to activate gene expression of AP-1 target genes. 37, 38 The responsible enzymes for this type of AP-1 activation have been identified in the so called c-Jun (JNK) or stress-activated protein kinases (SPAK) (reviewed in 30, 39 ). JNK/SAPK signaling and thus JNP has been implicated in cellular stress response and apoptosis. 39 c-Jun itself has been found to have dual roles in apoptosis and to be important on one hand for the defense against apoptotic stimuli and on the other hand for the execution of apoptosis: livers of c-Jun knock-out mice show increased apoptosis of hepatoblasts and hematopoietic cells and primary c-Jun-mutant hepatocytes have a lower survival rate in vitro. 28, 40 On the other hand, transgenic mice expressing the JunAA protein are resistant against kainate induced neuronal apoptosis. 29 Thus, c-Jun can have critical roles in opposite cellular processes. Little is known about the role of c-Jun in the retina. In a xenograft approach, Herzog and coworkers showed that the protein might be dispensable for developmental cell death in the retina. 41 The morphologically normal appearance of the retinas in JunAA mice supports this conclusion and shows that at least the Nterminal phosphorylation of c-Jun is dispensable for normal retinal development in mice in vivo. This is further supported by our observation of equal levels of the visual pigment rhodopsin in photoreceptors of transgenic (0.54 nmol per eye) and wild-type mice (0.52 nmol per eye). In contrast, c-Fos, another member of AP-1 complexes influences normal retinal development: c-fos 7/ 7 mice have 20 ± 25% less rhodopsin and about 20% fewer rod photoreceptors than their wild-type counterparts. 42 Nevertheless, c-Jun has been found to be transiently expressed around post natal day P11 in retinal glial cells during the degenerative process in rd (retinal degeneration) mice 43 and c-jun gene expression is induced during retinal ischemia/reperfusion. 44 This suggests a role for c-Jun in disease processes in both the developing and adult retina.
High levels of light induce photoreceptor apoptosis that involves upregulation of the DNA binding activity of AP-1. 18, 19 Similarly, light exposure upregulates expression of cfos and c-jun genes in the retina. 45 Upregulation of AP-1 is essential since suppression of AP-1 activity by the activation of glucocorticoid receptor protects against light damage (Wenzel et al, 56 ). In contrast, the same treatment did not protect against photoreceptor apoptosis induced by MNU (Wenzel et al, 56 ). Although MNU treatment induces AP-1 DNA binding activity in the retina with a timecourse similar to light exposure, 19 this result suggests that AP-1 activity may not be essential for MNU induced retinal apoptosis. This conclusion was supported by our data showing that cell death induced by MNU in JunAA mice was comparable to wild-type mice and by experiments showing that lack of c-Fos did not prevent cell death although it prevented AP-1 activation by MNU. 19 Evidence from other laboratories even suggests that AP-1 might be Figure 1 Cell Death and Differentiation Photoreceptor apoptosis independent of c-Jun N-terminal phosphorylation C Grimm et al involved in the defense against MNU and that lack of correct AP-1 activity may even facilitate MNU-induced photoreceptor apoptosis. 46, 47 Light-induced AP-1 complexes are composed mainly of c-Fos, JunD and c-Jun. 18, 19 Of these, c-Fos is essential, 24 but JunD is dispensable 23 for the induction and execution of light-triggered apoptosis. Our experiments with the third main member of induced AP-1 complexes, c-Jun, showed that JNP was also not essential for the apoptotic process. Furthermore, neither JNK/SAPK activity nor phosphorylation (activation) of JNK/SAPK increased after light exposure over basal levels ( Figure 3) . The presence of rather high levels of activated JNK/SAPK in the retina suggests that JNK/SAPK may be required for other functions in the retina. Targets of JNK are mostly transcription factors and include activating transcription factor (ATF-2), 48 and ETS-containing factors such as Elk1 49 besides c-Jun. Other proteins with functions that are regulated by JNK-mediated phosphorylation include insulin receptor substrate 1 50 and Bcl-2. 51 JNK seems also to be required for the stressactivated mitochondrial death pathway and the absence of JNK prevents cytochrome c release in mouse fibroblasts. 52 It is important to note that light-induced AP-1 complexes in JunAA mice contained c-Jun protein (Figure 4) . Thus, the mutant form of c-Jun (JunAA) was not replaced by a redundant member of the Jun family of proteins in induced AP-1 complexes. Thus, our data show that light exposure induced AP-1 complexes containing c-Jun protein, but not the signaling cascade needed for an increased transactivation of AP-1 target genes. Therefore, transactivation of AP-1 target genes may not be the primary role of light-induced AP-1 complexes. This interpretation is supported by a recent report showing that Fra-1, another member of the Fos family of proteins can functionally substitute for cFos. 53 In contrast to c-Fos, however, Fra-1 does not have a known transactivation domain. 54 Our results suggest that not AP-1 mediated activation but rather AP-1 dependent repression of target genes might be of importance during light-induced photoreceptor apoptosis. Future experiments are designed to test this hypothesis.>
Materials and Methods

Animals
All experiments conformed to the ARVO statement for care and use of animals in research and to the guidelines of the Veterinary Authority of Zurich. Wild-type or JunAA mice (genetic background: 129SV/BP6) were raised in dim cyclic light (12 : 12 h; 60 lux at cage level). Mice were kept for at least 10 days under these conditions before used in the experiments.
Light exposure and retinal morphology
Mice were dark adapted overnight (16 h ) and their pupils were dilated with 1% Cyclogyl and 5% Phenylephrine 45 min before exposure to diffuse, white fluorescent light (TLD36 W/965 tubes, Philips; ultraviolet-impermeable diffuser) in cages with reflective interior. After light exposure, mice were either kept in darkness until retinal morphology was analyzed or until retinas were isolated for extract preparation. For morphological analysis of retinal tissue, enucleated eyes were fixed in 2.5% glutaraldehyde and embedded in Epon 812.
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TUNEL staining and DNA ladder formation
Terminal transferase-mediated dUTP nick end labeling was done essentially as described. 19 Briefly, retinal tissue was fixed in 2% paraformaldehyde for 2 h at 48C and embedded in paraffin. The`in situ cell death detection kit' (Roche diagnostics, Rotkreuz, Switzerland) was used with minor modifications to perform staining on 0.5 mm sections. Genomic DNA was prepared from isolated retinas by phenol-chloroform-isoamylalcohol extraction as described. 19 Twenty mg of total DNA was separated on 1.5% agarose gels and stained with ethidium bromide.
Ampli®cation and sequencing of c-jun
Retina preparations, RNA isolations and cDNA synthesis were done as described. 17, 45 PCR amplification of c-jun was done on cDNA representing 12 ng of total retinal RNA using the upstream primer 5'-GAT CCT AAA ACA GAG CAT GAC-3' and the downstream primer 5'-GAA GTT GCT GAG GTT GGC G-3'. Amplification was for 35 cycles at 948C (30 s, denaturation), 558C (45 s, annealing) and 728C (45 s, extension). Products were purified using QIAquick PCR purification kit (Qiagene, Hilden, Germany) and sequenced by Microsynth (Microsynth, Balgach, Switzerland).
Jun kinase assay
Retinas were isolated through a slit in the cornea and immediately frozen in liquid nitrogen. For extract preparation, two retinas from separate mice were pooled and homogenized in 250 ml JEB (25 mM HEPES pH 7.7, 300 mM NaCl, 1.5 mM MgCl 2 , 0.1 mM EDTA, 0.1% Triton X-100, 20 mM beta-glycerophosphate, 0.1 mM Na 3 VO 4 , 0.5 mM PMSF, 10 mg/ml of aprotinin and leupeptin). Extracts were centrifuged at 23 0006g for 15 min at 48C, supernatants were collected and 250 ml of buffer JEB was added. One hundred and twenty-five ml of 20 mM HEPES (pH 7.7) / 2 mM MgCl 2 was added to 125 ml of extract (0.5 retina equivalents), incubated for 10 min on ice and centrifuged for 10 min at 23 0006g at 48C. The cleared lysate was mixed with 5 mg c-Jun(1 ± 79)-GST agarose (StressGen, Victoria, Canada) and rotated slowly for 4 h at 48C. The mixture was centrifuged for 10 s, the supernatant saved for control electrophoresis (see below) and the pellet washed four times with 500 ml of HBIB (20 mM HEPES pH 7.7, 50 mM NaCl, 0.1 mM EDTA, 2.5 mM MgCl 2 , 0.05% Triton X-100). Pellet was resuspended in 30 ml of JNK buffer (20 mM HEPES pH 7.7, 20 mM MgCl 2 , 20 mM beta-glycerophosphate, 20 mM p-nitrophenylphosphate, 0.1 mM Na 3 VO 4 , 2 mM DTT), 20 mM ATP and 10 mCi 32 P-g ATP and incubated for 40 min at 308C. The mixture was centrifuged for 10 s and the pellet washed once with 500 ml of HBIB. The pellet was resuspended in 40 ml sample buffer (62 mM Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 5% b-mercaptoethanol, 0.002% bromphenol blue), incubated 5 min at 958C, centrifuged and the supernatant was run on a 15% SDSpolyacrylamide gel. The dried gel was exposed to X-ray film.
Electrophoresis of the supernatants after the incubation with the cJun(1 ± 79)-GST substrate was done as control for quality and quantity of the extracts used. Fifty ml of the extracts were mixed with SDS loading buffer and proteins resolved on 10% polyacrylamide SDS gels. Gels were fixed for 10 min with 80% methanol / 10% acetic acid, stained for 1 h with Coomassie Blue and destained for 16 h with 80% methanol / 10% acetic acid.
MNU injections
MNU (N-methyl-N-nitrosourea) was freshly dissolved in 0.9% of sterile NaCl at a concentration of 10 mg/ml. Mice were intraperitoneally injected with 50 mg/kg MNU and sacrificed 2 h (for Western blotting) or 24 h (morphology) thereafter. Eyes were prepared for morphological analysis as described above or retinas were removed through a slit in the cornea and stored at 7708C until use.
Western blotting
Protein extracts from retinas were prepared in JEB as described above. Protein concentrations were determined by the Bradford (BioRad, Hercules, USA) assay. Twenty mg total protein were resolved on 10% SDS-polacrylamide gels and blotted onto nitrocellulose membrane with standard methods. Total JNK/SAPK or active (phosphorylated) JNK/SAPK were detected using specific antibodies (#9251 for p-JNK/SAPK; #9252 for total JNK/SAPK; antibodies from New England Bioloabs, Beverly, MA, USA). Detection was with a secondary, HRP-conjugated antibody against rabbit IgG (#sc-2004; SantaCruz Biotechnology, Santa Cruz, USA) and proteins visualized using the Renaissance Western Blot Detection Kit (PerkinElmer Life Sciences, Emeryville, USA). As controls served cell homogenates from untreated and UV-treated 293 cells from human kidney (#9253; New England Biolabs, Beverly, USA).
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared as described previously. 18 Briefly, one retina was homogenized in 400 ml of 10 mM HEPES-KOH pH 7.9, 1 mM b-mercapto-ethanol, 1 mM DTT in the presence of protease inhibitors. After incubation on ice for 10 min the homogenate was vortexed for 10 s and centrifuged. The pellet was resuspended in 50 ml of 20 mM HEPES-KOH pH7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM b-mercapto-ethanol, 1 mM DTT in the presence of protease inhibitors and incubated on ice for 10 min. Cellular debris was removed by centrifugation at 23 0006g for 30 min at 48C. Protein concentrations were determined using the Bradford protein assay (Bio-Rad, Hercules, USA) with BSA as standard.
EMSAs were performed as described previously. 55 Briefly, two oligonucleotides were annealed to form a double stranded DNA coding for an AP-1 specific (5'-AAG CAT GAG TCA GAC AC-3') DNA binding sequence (TPA response element, TRE). The annealed oligos were end-labeled using polynucleotide kinase (Boehringer Mannheim, Germany) and g[ 32 P]ATP (Hartmann Analytic GmbH, Braunschweig, Germany). For EMSA, 2 ± 5 mg (5 ml) protein of nuclear extract were incubated on ice for 20 min with 19 ml of 5 mM MgCl 2 , 0.1 mM EDTA, 0.75 mM DTT, 7.5% glycerol, 0.05% NP-40 containing 24 mg BSA and 2 mg poly d (I-C) (Boehringer Mannheim, Germany). Radiolabeled oligonucleotide (1 ml) was added and incubation was continued for another 20 min. Where appropriate, 3 ml antibodies (a-c-Fos: sc052; a-cJun: sc045; a-JunD: sc074; a-JunB: sc046; a-EPO (unrelated antibody): sc7956; all antibodies from Santa Cruz Biotechnology, Santa Cruz, USA) were added and incubation continued for 50 min on ice. Protein/ DNA complexes were resolved at 150 V on a 6% native polyacrylamide gel using 0.25 6TBE as running buffer and visualized on X-ray film.
